Introduction
Medium spiny neurons in the nucleus accumbens (NAc) undergo lasting molecular and cellular adaptations after repeated cocaine administration that contribute to behavioral changes associated with addiction (Hyman et al., 2006) . Excitatory glutamate input to NAc neurons is critical in the regulation of behavioral sensitization and drug-seeking behavior (Kalivas et al., 2005; Kalivas and Hu, 2006) . Withdrawal from repeated cocaine treatment reduces extracellular glutamate in the NAc core (Pierce et al., 1996; Bell et al., 2000) , coinciding with alterations in the channel properties of NAc neurons culminating in excitability deficits (Zhang et al., 1998; Hu et al., 2004) . Both of these adaptations contribute to the expression of behavioral sensitization to cocaine (Dong et al., 2006; Madayag et al., 2007) .
However, other changes may reflect homeostatic adaptations to counteract deficits in excitatory neurotransmission. Thus, withdrawal from repeated cocaine treatment increases surface expression of AMPA receptor (AMPAR) subunits in the NAc (Boudreau and Wolf, 2005) and enhances AMPA-mediated synaptic currents that facilitate long-term potentiation in the NAc (Yao et al., 2004; Boudreau and Wolf, 2005; Kourrich et al., 2007) . Enhanced behavioral responses to NAc AMPA infusions also are observed 3 weeks after cessation of repeated psychostimulant treatments and are important in mediating cocaine seeking (Pierce et al., 1996; Suto et al., 2004) . However, the role of these AMPAR alterations in cocaine sensitization is unclear, because they are dissociated from behavioral expression of sensitization at short (1 d) and longer (2ϩ weeks) withdrawal periods (Boudreau and Wolf, 2005) .
More recent evidence suggests a dynamic and complex regulation of NAc AMPARs during cocaine withdrawal. Boudreau et al. (2007) demonstrated that increases in surface expression of AMPAR subunits during cocaine withdrawal are reversed 1 d after reexposure to cocaine. Similarly, a cocaine challenge injection during withdrawal reverses enhanced AMPA-mediated synaptic currents and occludes long-term depression (LTD) in the NAc shell (Thomas et al., 2001; Kourrich et al., 2007) . Other evidence suggests that the internalization of functional AMPARs is necessary for expression of behavioral sensitization, because preventing AMPAR endocytosis and LTD in the NAc blocks expression of behavioral sensitization to amphetamine (Brebner et al., 2005) . Moreover, we found that degrading AMPAR function in the NAc increases initial cocaine sensitivity akin to cocaine sensitization (Bachtell et al., 2008) . However, the mechanism underlying dynamic cocaine-induced AMPAR regulation during cocaine withdrawal, and its impact on the behavioral sensitivity to NAc AMPAR stimulation is unknown.
To assess behavioral changes associated with dynamic AM-PAR plasticity, we measured the locomotor response to intraNAc infusions of AMPA either with or without cocaine reexposure 24 h before, when both surface and synaptic AMPAR expression are altered (Boudreau et al., 2007; Kourrich et al., 2007) , and after 6 d to assess the recovery of AMPAR responses. We also examined the role of AMPA and dopamine receptors in mediating dynamic regulation in AMPAR function by cocaine reexposure.
Materials and Methods
Animals and housing conditions. Male Sprague-Dawley rats weighing 275-325 g (Charles River Laboratories) were individually housed with ad libitum food and water. All experiments were conducted during the light cycle (12 h) and in accordance with guidelines established by the National Institutes of Health and the Institutional Animal Care and Use Committee at University of Texas Southwestern Medical Center. Intra-NAc cannulation and drug infusions. Under sodium pentobarbital anesthesia (60 mg/kg), chronic indwelling guide cannulas were stereotaxically implanted in the medial NAc core (Ϯ1.5 mm lateral, 1.7 mm anterior, and Ϫ5.7 mm ventral) (Paxinos and Watson, 1998) . Animals were given ketofen treatments (5 mg/kg) 3 d postsurgery to reduce pain and inflammation, and testing began after a minimum of 6 d recovery. Drug microinfusions (0.5 l/side over 100 s) were delivered through bilateral 33 gauge injectors extending 1 mm beyond the guides. Herpes simplex virus (HSV) vectors encoding wild-type GluR1 and LacZ (as a control) were produced and administered as described previously (Carlezon et al., 1997; Sutton et al., 2003) . Testing began 48 h after the HSV infusion. After behavioral testing, 0.5 l of cresyl violet dye was infused in anesthetized animals before decapitation, and infusion sites localized in 0.8-mm-thick coronal slices under a dissecting microscope.
Locomotor sensitization procedure. Animals were habituated to the testing apparatus 1 d before repeated cocaine (15 mg/kg, i.p.; times 7 d) or saline treatments. Horizontal locomotor activity was assessed in darkened circular test chambers (12-cm-wide runway), equipped with four pairs of photocells located at 90°intervals around the 1.95 m perimeter. All treatments were administered in the activity monitoring chambers after a 2 h habituation period. Only animals meeting cocaine sensitization criterion (day 7 activity Ͼ 1.5 times day 1 activity) were subsequently challenged and tested (85% of animals) ( Table 1) .
Experiment 1: Effects of cocaine reexposure on intra-NAc AMPAR sensitivity and expression of cocaine sensitization. After repeated treatments (saline/cocaine) and home cage withdrawal (18 -20 d), animals were administered intra-NAc pretreatment (10% v/v DMSO/saline or 0.1 nM/side CNQX) 5 min before challenge treatment (saline or 15 mg/kg cocaine, i.p.). Twenty-four hours after treatment, animals were tested for intra-NAc AMPA (0.2 nmol/side) locomotion. Animals were retested with intra-NAc AMPA 6 d after the initial saline/ cocaine reexposure. Another set of cocaine-treated animals without cannulas were given either a saline or cocaine challenge (15 mg/kg, i.p.) after 18 d withdrawal, and tested 24 h later for cocaine-induced locomotion (7.5 mg/kg, i.p.).
Experiment 2a,b: Effects of increased NAc GluR1 and AMPAR stimulation on NAc AMPAR sensitivity. After repeated saline treatments and home cage withdrawal, animals received an intra-NAc infusion of HSV-LacZ or HSV-GluR1. Two days after the infusion (peak of HSVmediated expression) (Bachtell el al., 2008) , animals were challenged with saline or cocaine (15 mg/kg, i.p.). Twenty-four hours after the challenge, activity was recorded after intra-NAc AMPA. Another set of animals given seven daily cocaine treatments and home cage withdrawal was challenged with either intra-NAc vehicle or AMPA (0.2 nmol/side). Twenty-four hours later, activity was recorded after an intra-NAc AMPA infusion and retested with intra-NAc AMPA 6 d after the initial challenge infusion. Experiment 3a-c: Effects of dopamine D 1 -like and D 2 -like receptor stimulation on NAc AMPAR sensitivity. After repeated treatments (saline/cocaine) and home cage withdrawal, animals were challenged with saline, (Ϯ)-6-chloro-7,8-dihydroxy-1-phenyl-2,3,4,5-tetrahydro-H-3-benzazepine hydrobromide (SKF 81297) (3.0 mg/kg, s.c.), or quinpirole (3.0 mg/kg, s.c.). Twenty-four hours later, animals were tested with intra-NAc AMPA. A separate set of cocaine-treated animals was given an intra-NAc pretreatment [vehicle or 0.1 g/side R-(ϩ)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1 H-3-benzazepine (SCH 23390)] 5 min before a challenge (saline or cocaine) and tested with intra-NAc AMPA 24 h later. Other cocaine-treated animals were given intra-NAc pretreatment (vehicle or CNQX) 5 min before a challenge (saline or SKF 81297) and tested with intra-NAc AMPA 24 h later.
Data analysis. AMPA-mediated locomotor data (beam breaks) were analyzed by two-factor ANOVA with repeated treatment, challenge treatment, or vector treatment as the factors. Interactive effects were followed by simple main effects analyses (one-way ANOVA or t tests) and post hoc tests [Fisher's least significant difference (LSD)]. Statistical significance was preset at p Ͻ 0.05.
Results
Enhanced AMPAR responsiveness is transiently reversed by cocaine-induced glutamate release in the nucleus accumbens We first tested the effects of cocaine reexposure on NAc AMPAR-mediated locomotion in cocaine-naive and cocainesensitized animals (Fig. 1 A) . Locomotor responses to intra-NAc AMPA infusions differed between repeated treatment and challenge treatment groups (interaction: F (2,44) ϭ 6.56; p Ͻ 0.005). Cocaine-sensitized animals administered a saline challenge during withdrawal showed increased sensitivity to NAc AMPA-induced locomotion (Fig. 1 B) (t (20) ϭ 3.21; p Ͻ 0.005), consistent with previous findings (Pierce et al., 1996) . This enhancement was significantly reduced in animals reexposed to cocaine 1 d before the AMPA locomotor test (F (2,22) ϭ 4.54; p Ͻ 0.05). Because cocaine reexposure increases glutamate release in the NAc of sensitized animals (Pierce et al., 1996; Reid and Berger, 1996) , we hypothesized that cocaine-induced glutamate stimulation of AMPAR would reverse enhanced AMPAR responsiveness. Blocking NAc AMPARs during cocaine reexposure with the AMPAR antagonist CNQX prevented the subsequent reduction in AMPAR responsiveness, indicating the necessity of AM-PAR stimulation for downregulating AMPAR function by cocaine. In contrast, cocaine-naive animals given acute cocaine with or without CNQX showed increased AMPA-induced activity compared with control animals (F (2,22) ϭ 3.85; p Ͻ 0.05). The reduction in AMPAR responsiveness in cocaine-treated animals was transient and fully recovered 6 d after cocaine reexposure (Fig. 1 B) .
To assess how altered AMPAR sensitivity after cocaine reexposure relates to the expression of cocaine sensitization, cocainetreated animals were challenged with either saline or cocaine (15 mg/kg) during withdrawal. Figure 1C shows that, 24 h later, when AMPAR sensitivity is decreased, locomotor responses to cocaine (7.5 mg/kg) were enhanced (t (20) ϭ 2.36; p Ͻ 0.05). Together, these findings suggest that cocaine sensitization is clearly present when AMPAR responsiveness is increased but is further enhanced when AMPAR responsiveness is decreased. All cannulated animals used in the analysis had microinfusion sites localized medial to the anterior commissure in the NAc core (Fig. 1 D) and were excluded if not meeting these bilateral accuracy requirements.
Withdrawal-like increases in GluR1 do not enable cocaineinduced regulation of AMPAR function
Given that AMPAR function is increased in cocaine withdrawal, we used viral-mediated gene transfer to increase functional GluR1 levels in the NAc of cocaine-naive animals to determine whether this neuroadaptation is sufficient to enable cocaineinduced downregulation of AMPAR function (Fig. 2 A) . Similar to previous findings (Bachtell et al., 2008) , GluR1 overexpression in NAc neurons enhanced AMPA-mediated locomotion compared with LacZ control expression in cocaine-naive animals and mimicked enhancements in AMPAR responsiveness observed in cocaine-sensitized animals (Fig. 2 B, C) (interaction: F (1,20) ϭ 4.51, p Ͻ 0.05; vector: F (1,20) ϭ 9.33, p Ͻ 0.01). However, exogenous enhancement in AMPAR function did not enable the ability of cocaine challenge to reduce AMPAR sensitivity when tested 1 d later. Thus, withdrawal-like increases in GluR1 are insufficient for dynamic regulation of AMPAR function by cocaine, consistent with a role for glutamate release in sensitized animals, or a role for other AMPAR subunits such as GluR2 in internalization mechanisms.
Stimulation of NAc AMPARs is sufficient to reverse enhanced AMPAR responsiveness
Because the ability of cocaine to reverse enhanced AMPAR responsiveness was prevented by AMPAR blockade, we tested whether direct AMPAR stimulation would mimic the reversal in cocaine-sensitized animals (Fig. 2 D) . Stimulation of AMPARs produced a transient reduction in AMPAR sensitivity after 1 d (F (1,20) ϭ 8.53; p Ͻ 0.01) that fully recovered 6 d after the initial AMPA treatment (interaction: F (1,20) ϭ 4.39; p Ͻ 0.05). These results suggest that glutamate stimulation of NAc AMPARs during cocaine challenge in cocaine-sensitized animals is sufficient to regulate functional AMPARs.
Dopamine D 1 -like stimulation transiently reverses enhanced AMPAR responsiveness through NAc AMPAR stimulation
Cocaine reexposure in sensitized animals also elevates extracellular dopamine levels that stimulate dopamine D 1 and D 2 receptors. We tested the ability of the dopamine agonists SKF 81297 (D 1 -like) and quinpirole (D 2 -like) to modulate enhanced AMPAR responsiveness in cocaine withdrawal (Fig.  3A) . Challenge treatment with SKF 81297 and quinpirole differentially altered AMPAR-mediated locomotion in salineand cocaine-treated animals (interaction: F (2,64) ϭ 7.233, p Ͻ 0.002). In cocaine-treated animals, systemic challenge with SKF 81297, but not quinpirole, reversed enhanced AMPAR responsiveness the following day (F (2,29) ϭ 4.15; p Ͻ 0.001), suggesting that cocaine-induced elevations in dopamine and D 1 receptor stimulation in the NAc may contribute to alterations in AMPAR sensitivity. In contrast, both SKF 81297 and quinpirole challenge enhanced AMPAR sensitivity in salinetreated animals (F (2,34) ϭ 4.03; p Ͻ 0.02).
To determine whether NAc D 1 receptors regulate AMPAR responsiveness with cocaine reexposure, cocaine-sensitized animals were given an intra-NAc pretreatment with the D 1 receptor antagonist SCH 23390 before cocaine challenge in cocaine withdrawal (Fig. 3B) . Surprisingly, intra-NAc SCH 23390 during cocaine reexposure failed to prevent the reversal of enhanced AM-PAR responsiveness the following day (F (2,18) ϭ 4.00; p Ͻ 0.05), despite the fact that it completely attenuated cocaine-induced locomotion during the challenge treatment (F (2,18) ϭ 18.13; p Ͻ 0.001).
Because the D 1 agonist was administered systemically, we hypothesized that D 1 receptor stimulation of glutamate afferents to the NAc is involved in D 1 -induced reversal of enhanced AMPAR responsiveness. In cocaine-sensitized animals, pretreatment with intra-NAc CNQX before systemic SKF 81297 treatment prevented the reversal of enhanced AMPAR responsiveness the following day (Fig. 3C) (F (1,27) ϭ 2.00; p Ͻ 0.01). The reversal by SKF 81297 challenge treatment alone recovered 6 d after challenge (F (1,27) ϭ 4.07; p ϭ 0.05).
Discussion
Our findings demonstrate that cocaine reexposure after a drug-free period reduces the behavioral response to NAc AMPAR stimulation. These data provide in vivo functional evidence for the behavioral significance of dynamic redistri- bution of cell surface and synaptic AM-PAR expression (Thomas et al., 2001; Boudreau et al., 2007; Kourrich et al., 2007) . Additionally, such dynamic reductions in AMPAR function are transient, rebounding within days. The reversal of enhanced AMPAR responsiveness by cocaine reexposure or D 1 -like agonist challenge requires NAc glutamate release in concert with NAc AMPAR stimulation, and local AMPAR stimulation alone is sufficient to transiently mimic the reversal.
Our behavioral data agree with studies showing that enhanced postsynaptic AMPAR function is reversed after cocaine reexposure (Kourrich et al., 2007) , suggesting endocytosis of functional AMPARs (Boudreau et al., 2007) . Our data also suggest that AMPAR endocytosis with cocaine reexposure results from cocaine-induced glutamate release that occurs only after repeated cocaine exposure (Pierce et al., 1996; Reid and Berger, 1996) . Stimulation of AMPA receptors rapidly internalizes AMPARs in cultured neurons Mangiavacchi and Wolf, 2004 ) and contributes to LTD induction . Relevant to the present study, antagonist blockade of AMPARs partially blocked glutamate-induced AMPAR internalization in culture NAc neurons (Mangiavacchi and Wolf, 2004) . In our studies, NAc AMPAR blockade prevents cocaine-induced reversal of enhanced AMPAR responsiveness, whereas stimulation of NAc AMPAR mimics the reversal in AMPAR responses after cocaine reexposure. Together, these findings suggest that a cocaine-induced surge in NAc glutamate and AMPAR stimulation leads to AMPAR internalization and loss of functional AMPARs.
Cocaine reexposure in sensitized animals also causes dopamine release and dopamine receptor stimulation in terminal regions such as the NAc, cortex, and limbic regions. Selective D 1 -like, but not D 2 -like, receptor stimulation recapitulates reduced AMPAR responsiveness produced by cocaine reexposure. Similar to cocaine, the D 1 -induced reduction in AMPAR responsiveness was prohibited by NAc AMPAR blockade, suggesting that D 1 stimulation activates glutamate projections to the NAc. The prefrontal cortex is a likely candidate given its role in sensitization processes (Steketee, 2005) . Interestingly, acute D 1 receptor stimulation in cocultured corticalaccumbens neurons increases membrane expression of AMPARs (Sun et al., 2008), and a similar local phenomenon could underlie enhanced AMPAR sensitivity after D 1 stimulation (Fig. 3) or initial cocaine exposure (Fig. 1) in saline-treated animals in our study. After repeated dopamine stimulation, the ability of D 1 stimulation to enhance surface AMPARs is lost because of D 1 receptor internalization in NAc neurons (Sun et al., 2008) . With a localized loss of D 1 -regulated AMPAR expression in NAc neurons after cocaine sensitization, the effects of D 1 receptor stimulation on cortical glutamatergic afferents may prevail, leading to reduced rather than enhanced AMPAR expression.
The functional role of NAc AMPAR redistribution in the behavioral expression of cocaine sensitization is not completely understood. Internalization of NAc AMPAR is necessary for the expression of amphetamine sensitization, because sensitized responses are prevented by intra-NAc infusion of a peptide interfering with AMPAR internalization (Brebner et al., 2005) . However, increased surface AMPAR expression is not observed after withdrawal from repeated amphetamine (Nelson et al., 2006) . We recently found that mimicking the internalization-induced loss of functional AMPAR in cocaine-naive animals is sufficient to increase initial behavioral sensitivity to cocaine and a D 2 -dopamine receptor agonist (Bachtell et al., 2008) . Thus, the expression of cocaine sensitization may result from rapid degradation in endogenous AMPAR function because of AMPAR endocytosis that facilitates behavioral responses to concomitant elevations in dopamine during cocaine reexposure. The present study suggests that without enhanced NAc glutamate release and AMPAR stimulation, degradation in AMPAR function does not occur, consistent with the ability of AMPAR blockade to attenuate the expression of cocaine sensitization (Pierce et al., 1996) . This reliance on a surge in glutamate release in cocaineexperienced animals is also supported by the fact that upregulating AMPAR function in cocaine-naive animals does not alter cocaine sensitivity and does not enable cocaine-induced reductions in AMPAR responses.
Alternatively, it is possible that changes in AMPAR distribution and function are unrelated to the expression of cocaine sensitization. Changes in the cellular distribution of AMPARs are dissociated from the behavioral expression of sensitization at short (1 d) and longer (2ϩ weeks) withdrawal periods (Boudreau and Wolf, 2005) . Additionally, we found that cocaine sensitization is observed when AMPAR responses are increased and further enhanced after cocaine reexposure when AMPAR responses are decreased. Therefore, although changes in NAc AMPAR number and function may modulate the expression of cocaine sensitization, they may not underlie the fundamental mechanisms of cocaine sensitization.
It appears that plasticity at both the cellular and systems level resulting from repeated cocaine exposure and withdrawal are important to enable regulation of AMPAR function; however, the contribution of AMPAR plasticity in the NAc to cocaine addiction is unclear. Pharmacological stimulation of NAc AMPARs elicits cocaine seeking in extinguished animals (Cornish and Kalivas, 2000; Suto et al., 2004) , whereas increases in NAc AMPAR levels are associated with either attenuation (Sutton et al., 2003; Levy et al., 2007; Bachtell et al., 2008) or enhancement in cocaine seeking (Conrad et al., 2008) . AMPAR-mediated transmission in the NAc is certainly important in the expression of drug seeking, but whether it is promoted by AMPAR excitation of NAc neurons, the subsequent rapid AMPAR internalization, or the combined biphasic effect is unknown. Together, these findings highlight the importance and complexity of dynamic regulation of AMPAR function in the NAc in cocaine addiction.
